Type 1 diabetes (T1D) results from autoimmune destruction of insulin-producing b-cells in the pancreatic islets. There is an immediate need to restore both b-cell function and immune tolerance to control disease progression and ultimately cure T1D. Currently, there is no effective treatment strategy to restore glucose regulation in patients with T1D. FoxP3-expressing CD4 1 regulatory T cells (Tregs) are potential candidates to control autoimmunity because they play a central role in maintaining self-tolerance. However, deficiencies in either naturally occurring Tregs (nTregs) themselves and/or their ability to control pathogenic effector T cells have been associated with T1D. Here, we hypothesize that nTregs can be replaced by FoxP3 1 adaptive Tregs (aTregs), which are uniquely equipped to combat autoreactivity in T1D. Unlike nTregs, aTregs are stable and provide long-lived protection. In this review, we summarize the current understanding of aTregs and their potential for use as an immunological intervention to treat T1D.
Introduction
Type 1 diabetes (T1D) is an autoimmune disease wherein insulin-producing pancreatic islet b-cells are attacked and destroyed by the immune system (Stadinski et al., 2010) . As a result, T1D patients require life-long insulin treatment and face high risks of medical complications that lead to kidney failure, blindness, heart disease, stroke, and amputation, which contribute to early mortality. Studies of patients and animal models, especially the non-obese diabetic (NOD) mouse model, have generated extensive insights into the pathology and immunology of T1D. However, the detailed mechanisms of how the autoimmune response is initiated remain unclear. Consequently, there is no means to prevent the events that initiate the destruction of pancreatic islet b-cells. Furthermore, there is no therapeutic mechanism to control the autoimmune response after the diagnosis of diabetes, which would be crucial to the success of strategies to restore b-cell function and physiological control of glucose metabolism. This dilemma is highlighted by the observation that patients who received islet transplantation and immunosuppression to prevent graft rejection developed recurrent T1D because of the underlying autoimmunity against b-cells (Vendrame et al., 2010) . This outcome underscores the need for immune tolerance restoration before b-cell replacement or regeneration can be achieved successfully. Furthermore, proliferation of insulin-producing b-cells has recently been reported in pancreatic islets of long-term T1D patients (Keenan et al., 2010) . Thus, at a minimum, it is possible that the initiation of lasting control of autoimmunity would protect the remaining b-cells, enabling them to survive and function to reduce insulin dependence and subsequent medical complications.
The greatest prospect for achieving control of autoimmunity is to exploit mechanisms that participate physiologically in the control of tolerance and immunity. The discovery that CD4 + regulatory T cells (Tregs) play an indispensible and central role in maintaining self-tolerance (Wing and Sakaguchi, 2010) has led to the prospect that these cells have great potential as a cellbased treatment to restore self-tolerance and to treat autoimmune diseases, such as T1D. In this review, we focus on the remarkable potential of adaptive Tregs (aTregs) as candidates for the treatment of T1D, since they provide immunological memory that can be exploited to restore self-tolerance indefinitely.
The underpinnings of T1D
Autoimmunity escalates silently over a prolonged period of time before diabetes is diagnosed. As with many other autoimmune diseases, T1D is thought to be initiated by unclear environmental factors in genetically predisposed individuals. T1D is a disease with multiple genetic associations, the strongest of which is the HLA class II (DR3/DR4 and DQ2/DQ8). In addition, many immune response-related genes such as IL-2, CD25, CTLA4, and PTPN22 are highly associated with T1D (Todd et al., 2007) . The involvement of these and many other genes or loci in T1D suggests that the disease progression involves multiple steps and modifiers (Barrett et al., 2009 ). In addition, epidemiological studies in the last decade have shown that the incidence of T1D is increasing, with disease onset trending towards younger ages most likely because of environmental factors that undermine tolerance (Vehik and Dabelea, 2011; Ziegler et al., 2011) . Despite extensive research, the mechanistic triggers for the autoimmune response against b-cells remain elusive.
In the NOD mouse model, it is thought that the physiological tissue remodeling of pancreatic islets during neonatal development initially releases b-cell antigen(s) that are processed and presented by dendritic cells (DCs) in pancreatic lymph nodes (PLNs) (Scaglia et al., 1997; Turley et al., 2003) . Such a mechanism may also function in humans (Kassem et al., 2000) . However, viral infections, particularly with enteroviruses such as Coxsackievirus, have been associated with the induction of anti-b-cell responses through direct islet cell damage and antigen release and/or molecular mimicry (Horwitz et al., 1998; Hiemstra et al., 2001; Wen et al., 2004) .
Recent studies have shown that intestinal microbiota can modulate the spontaneous development of diabetes in NOD mice (Wen et al., 2008) . Indeed, NOD mice that are housed in germ-free environments have higher diabetes incidence than in specific pathogen-free or conventional facilities (Todd, 1991) . This is consistent with the 'hygiene hypothesis' that a decrease in infections would increase the risk of immune-mediated diseases, such as T1D (Bach, 2002) . Nevertheless, some dietary factors have also been proposed to modulate T1D, such as cow's milk and vitamin D (Stene and Joner, 2003; Akerblom et al., 2005) .
Extensive studies established that T cells, particularly CD4 + T cells, play a central role in autoimmune responses in T1D, whereas B cells mainly contribute to antigen processing and presentation (Dai et al., 2005) . T cells are the major cell population found in islet infiltrates in NOD mice and in T1D patients (Gepts and Lecompte, 1981; Miyazaki et al., 1985) . Furthermore, depletion of T cells by neonatal thymectomy can prevent diabetes in NOD mice and T cells from diabetic NOD mice are diabetogenic (Bendelac et al., 1987; Christianson et al., 1993) . The initial T cell responses in T1D are likely to involve limited antigen specificities against islet b-cells. With increasing islet damage and escalating inflammation, more antigens are released and T cell responses spread to broader specificities. When b-cell loss reaches an extent where the production of insulin from remaining b-cells does not meet metabolic requirements, clinical diabetes occurs. However, at this end stage in the autoimmune process, the antigens involved are unknown and likely to be many, thwarting efforts to devise an antigen-specific treatment to downmodulate the autoimmune response.
Challenges to current immune interventions in T1D
For both economical and technical reasons, it is not practical to screen for T1D risk in the general population (Atkinson, 2005) . Thus, when patients are diagnosed with T1D, autoimmunity has already developed to an advanced stage, with extensive b-cell destruction and compromised glucose regulation. This currently makes finding interventions that can preserve residual b-cells and restore tolerance a more urgent task than devising a strategy to 'prevent' diabetes. It was estimated that more than 400 agents or agent combinations have been investigated in preclinical T1D intervention studies using NOD mice (Shoda et al., 2005) . However, the number of targets in ongoing clinical trials is very limited (Luo et al., 2010; Waldron-Lynch and Herold, 2011) . In general, these agents broadly inhibit the immune system and raise concern that responses to infections could be inappropriately suppressed. Examples include cyclosporine, the first immunomodulatory agent used in clinical trials, depletion of individual immune cell populations such as with anti-CD3 antibody for T cells or anti-CD20 antibody for B cells, and blocking agents against cytokines that mediate/amplify inflammation, such as TNFa or IL-1 (Luo et al., 2010; Waldron-Lynch and Herold, 2011) . The modified anti-CD3 monoclonal antibody has shown the best results in recent onset patients (Herold et al., 2002 (Herold et al., , 2005 , but failed to achieve long-term protection, suggesting that the efficacy of a single agent is limited, and combinations of multiple agents may be needed.
While approaches that induce/restore islet antigen-specific tolerance would be the best for treatment of T1D, in the advanced stages of autoimmunity prior to diabetes onset, increases in the number of antigens recognized by responding T cells are likely. Therefore, targeting one or even a handful of antigens may not be sufficient to suppress the overall autoreactive response, and this probably explains the failures of some of the antigen-specific clinical trials such as administration of insulin or GAD65 (Waldron-Lynch and Herold, 2011; Wherrett et al., 2011) . Ideally, a single dose treatment with long-lasting protection offers the best hope for clinical translation, as has been achieved for infectious diseases with immunization strategies. From our studies focusing on the regulation of T cell memory, we hypothesize that immunological memory, particularly in CD4 + T cells, can be exploited for this purpose in T1D.
nTreg failure in T1D
Compelling evidence indicates that loss of control of the autoimmune response by FoxP3 + Tregs is a major contributing factor to T1D development. FoxP3 + Tregs mainly comprise naturally occurring Tregs (nTregs) developed in the thymus and aTregs differentiated in the periphery under certain conditions (Bluestone and Abbas, 2003) . nTregs have received the most intense scrutiny as a potential cell-based therapy, because of their potency in controlling generalized autoimmunity. An initial analysis of Tregs in T1D patients, using CD4 and CD25 as markers, showed reduced numbers in the circulation (Kukreja et al., 2002) . Later studies, especially those using FOXP3 expression as the identifier, showed no difference in overall Treg number and distribution in T1D patients when compared with those in healthy controls (Brusko et al., 2007; Long et al., 2010) . Confounding these studies is the findings that CD4 + effector T cells can share the expression of FOXP3, and can also exhibit low expression of IL-7Ra, an additional trait associated with nTregs. Functionally, defective nTregs from T1D patients have been reported (Brusko et al., 2005; Lindley et al., 2005; Putnam et al., 2005) ; effector T cells from established T1D patients also displayed resistance to nTreg suppression (Lawson et al., 2008; Schneider et al., 2008) . Thus, ineffective nTregs and more potent effector T cells may both contribute to the loss of control of the autoimmune response in T1D.
At the heart of the issue of defective nTreg function in T1D is that nTregs are intrinsically dependent on IL-2 for their homeostasis and function (Setoguchi et al., 2005; Josefowicz and Rudensky, 2009 ). Genetic studies have now shown a clear link between T1D and defects in the IL-2 pathway in both T1D patients and NOD mice (Wicker et al., 2005; Dendrou and Wicker, 2008) . Indeed, due to diminished IL-2 levels, nTreg numbers are reduced in the pancreata of NOD mice, which may result from impaired survival and/or loss of regulatory function. Furthermore, nTregs can convert into diabetogenic effector cells (Zhou et al., 2009) , which may be a crucial factor in the final stages of the inflammatory processes that lead to diabetes onset. This may in part explain why few nTregs are detected in pancreatic islets of recent onset T1D patients (Willcox et al., 2009) . Importantly, in NOD mice, administration of exogenous IL-2 can correct defective nTreg function (Tang et al., 2008) . In parallel, a defect in IL-2R signaling in Tregs from T1D patients resulted in diminished maintenance of FOXP3 expression and function (Long et al., 2010) . In non-autoimmune mice, reduced IL-2 signaling can also reduce nTreg functionality, with the development of autoimmune sequelae (Cheng et al., 2011) .
There are further challenges for clinical translation of nTregs. First, it has been difficult to unequivocally identify and isolate nTregs from human patients because of the lack of unique marker(s). Second, since nTregs represent a minor subset of the total CD4 + T cell population, extensive expansion is necessary to achieve the requisite numbers for clinical treatment, further increasing the concern that contaminating pathogenic cells might be simultaneously expanded. Additionally, nTregs exhibit considerable plasticity, and those from autoimmune patients can acquire pathogenic effector phenotype, such as the production of proinflammatory cytokines. Moreover, T1D patients have higher percentages of nTregs expressing IFNg, an effector cytokine produced by Th1 cells that are strongly associated with the development of T1D (McClymont et al., 2011) . These findings reveal that, for T1D in particular, administration of nTregs would likely not provide a long-term benefit to patients once homeostasis has returned.
aTregs: generation and function in T1D
aTregs have received less attention as a possible disease intervention because they represent a minor and more diverse population than nTregs. Because of limited phenotypic characterization, aTregs that arise physiologically are often indistinguishable from nTregs. In addition, they may be more important in downmodulating immune responses when infections are resolved than in maintaining self-tolerance. Although spontaneous development of pancreatic antigen-specific aTregs does not appear to occur during the progression to diabetes (Wong et al., 2007) , we and others have demonstrated that they can be effective regulators of T1D. In general, it has been considered that weak T-cell receptor (TCR) stimulation (Bresson et al., 2006; Kretschmer et al., 2006) or TCR stimulation under tolerogenic conditions, such as with immature DCs, promotes the induction of aTregs (Luo et al., 2007; Maldonado and von Andrian, 2010) . b-cell antigen-pulsed immature DCs have also been shown to protect prediabetic NOD recipients from developing diabetes, probably through the in vivo induction of Tregs (Lo et al., 2006) . These findings confirm that aTregs can control the autoimmune response in T1D. The fact that these cells differentiate from naïve CD4 + T cells in the periphery highlights their potential to be developed under controlled conditions in vitro.
Our studies focusing on the regulation of memory in CD4 + T cells led us to investigate the role of immunological memory in T cells during the escalation of autoimmunity leading to T1D. In an effort to drive the differentiation of islet-specific effector cells and the development of memory in these cells, we used an in vitro approach that was thought to elicit memory CD4 + T cells (Weinberg et al., 1992) , combining TGF-b1 and IL-2 with an optimal level of immobilized anti-CD3. Based on our observations that withdrawal of stimulation through TCR signals and differentiating cytokines resulted in a transition of CD4 + effector T cells to a resting memory phenotype (Harbertson et al., 2002) , we analyzed the capacity of activated versus rested effectors to elicit diabetes in an adoptive transfer model. We showed that activated or rested populations were capable of persisting as memory cells after transfer (Weber et al., 2006; Godebu et al., 2008) . However, instead of being pathogenic, they were protective against the development of spontaneous and immunologically accelerated diabetes. Furthermore, these aTregs restored normoglycemia to recent onset diabetic mice with a treatment efficacy of 50%-80%.
Studies from many other groups also showed that aTregs could be induced from naïve CD4 + T cells by TCR stimulation in the presence of IL-2 and TGF-b (Zheng et al., 2002; Chen et al., 2003; Fantini et al., 2004; Davidson et al., 2007) . In the NOD mouse model, stimulation of islet antigen-specific TCR transgenic CD4 + T cells with a combination of splenic DCs, TGF-b1, and a mimotope peptide elicited FoxP3 + aTregs with the ability to prevent the development of diabetes in an accelerated diabetes model and to protect syngeneic islet grafts (Luo et al., 2007) . TGF-b can elicit expression of FoxP3 through Smad3 signaling (Tone et al., 2008) . Since FoxP3 is required for the regulatory function of nTregs, FoxP3-expressing aTregs that are induced in the presence of TGF-b have been considered to more closely resemble nTregs or aTregs that arise in vivo than other populations of Tregs, such as IL-10-or vitamin D3-induced Tr1 cells (Cobbold et al., 2003) . In addition, the transcription factor Runx1, which complexes with FoxP3, is essential for the regulatory function of both nTregs and aTregs (Wong et al., 2011) .
Although both populations can exhibit considerable heterogeneity in their genetic signatures (Feuerer et al., 2010) , activated TGF-b-induced aTregs share many additional characteristics with nTregs, including the expression of CD25, CTLA-4, and GITR, and the secretion of TGF-b and IL-10, which contribute to their regulatory functions (Weber et al., 2006; Li et al., 2011) .
Since TGF-b-induced aTregs can be easily grown in vitro from abundant precursors, they are attractive candidates for the treatment of autoimmune diseases. Indeed, our studies using the NOD mouse model show that over 90% of TGF-b-induced aTregs express high levels of FoxP3, as has been reported in other models.
In vivo, TGF-b promotes aTreg development in gut mucosal tissues via mechanisms involving all-trans retinoic acid (ATRA) (Coombes et al., 2007; Mucida et al., 2007; Sun et al., 2007) , which enhances Smad3 expression and activation (Xiao et al., 2008) . It has been reported that aTregs can also be induced in vivo in NOD mice by administration of a variety of agents (Bruder et al., 2005; You et al., 2007; Kerkvliet et al., 2009; Zaccone et al., 2010) . For instance, administration of chemicals that bind the transcription factor aryl hydrocarbon receptor to NOD mice induced FoxP3-expressing Treg-like cells and protected the mice from diabetes (Kerkvliet et al., 2009) . However, diabetes developed after the termination of treatment. These results suggest that aTregs induced by this approach did not survive long after treatment and/or did not develop into memory cells.
Our studies of T1D show that adoptively transferred TGF-b-induced aTregs distribute throughout the lymphoid compartment and in the pancreas of recipient NOD mice. They can prevent the localization of pathogenic Th1 cells in the pancreas (Weber et al., 2006) and, like nTregs , they proliferate within the islets where they mediate local control of inflammation, depending on TGF-b (Li et al., 2011) . Most other studies of aTregs in T1D have not addressed mechanisms by which the development of diabetes is controlled. Functionally, aTregs also share many characteristics with nTregs (Vignali et al., 2008) and have been shown to inhibit naïve T cell proliferation in vitro and in vivo. They can also inhibit the differentiation of other helper T cell subsets through the production of IL-10 and TGF-b, and can inhibit effector functions such as IFNg production (Weiner, 2001; Barrat et al., 2002) . Since we find that aTregs themselves can produce IL-2 (Weber et al., 2006) , in addition to suppressing the autoimmune response of pathogenic effector cells, it is possible that they support the expansion of nTregs with IL-2 and help them to maintain their function in controlling b-cell destruction (Figure 1) . Furthermore, aTregs could have the potential to promote the differentiation of endogenous aTregs from naïve CD4 + T cells within the PLNs by virtue of IL-2 and TGF-b production, as has been demonstrated in vitro (Zheng et al., 2002 (Zheng et al., , 2004 . Indeed, we did observe an increased frequency of endogenous FoxP3 + CD4 + T cells in recipient NOD mice whose blood glucose had been reversed to normal levels after aTreg transfer (our unpublished data).
Stability of aTregs in T1D
Although it was shown that aTregs may lose FoxP3 when TGF-b is withdrawn (Floess et al., 2007; Selvaraj and Geiger, 2007) , our studies, as well as those of others, indicate that after in vitro differentiation, the expression of FoxP3 is stable in the absence of TGF-b (Davidson et al., 2007; Li et al., 2011) . One possibility for these differences in outcomes is that the conditions of stimulation can greatly affect the extent of differentiation status from naïve CD4 + T cells to effector T cells. Stable phenotypes are associated with epigenetic mechanisms regulating heritable patterns of gene expression (Ansel et al., 2003) . Indeed, there is a substantial degree of plasticity during the initial differentiation of developing helper T cell subsets before the phenotypic stabilization over time with repeated stimulation under Th1 or Th2 polarizing conditions (O'Garra et al., 2011) . Another key factor is antigen dose or the strength of TCR signaling. It was reported that high levels of TCR stimulation prevented the induction of FoxP3-expressing aTregs (Turner et al., 2009) , whereas suboptimal TCR stimulation was found to favor aTreg differentiation (Oliveira et al., 2011) . In our studies, we demonstrated that high doses of immobilized anti-CD3 in combination with IL-2 and TGF-b allow for both the optimal induction of FoxP3 and expansion of aTregs without a requirement for costimulation via CD28. Low-dose stimulation with anti-CD3 in the presence of these cytokines also generated FoxP3 + aTregs, but expansion was severely compromised even when anti-CD28 was included; moreover, the majority of these cells lost FoxP3 expression after transfer into NOD recipients (our unpublished data). Some studies indicated that combining optimal TCR stimulation with anti-CD28 costimulation also elicited the generation of FoxP3 + aTregs (Davidson et al., 2007; Gabrysova et al., 2011) . Under these conditions, anti-CD28 stimulation supported the production of endogenous IL-2. In contrast, other studies showed that costimulation through CD28 can inhibit aTreg differentiation, most likely via the PI3K-mTOR pathway (Feuerer et al., 2009; Merkenschlager and von Boehmer, 2010) . Therefore, the use of anti-CD28 for aTreg generation introduces additional complexity that may be difficult to define. We find that IL-2, in doses that Figure 1 Possible function of aTregs to control T1D. b-cell antigens are processed and presented by DCs in PLNs and initiate the activation of autoreactive effector T cells. If unchecked, these cells will migrate to the pancreas and mediate destruction of the b-cells. aTregs that are generated in vitro by stimulation with anti-CD3 in the presence of IL-2 and TGF-b, produce IL-10 and TGF-b, and are capable of suppressing autoreactive T effector cells and protect or reverse diabetes. In addition, aTregs may promote the differentiation of endogenous aTregs from naïve CD4 + T cells within the pancreatic LN by virtue of IL-2 and TGF-b production. Although the exact mechanism(s) of aTreg action are unclear, they play a crucial role in controlling b-cell destruction and T1D. are optimal for generating Th1 and Th2 effector cells, overcomes the anti-proliferative effects of TGF-b on naïve CD4 + T cells. A similar function of IL-2 in aTreg induction in vitro was reported by Zheng et al. (2007) . Thus, these studies demonstrate that aTregs can be elicited in high numbers, which will ultimately be required for clinical translation.
The ultimate goal is the generation of aTregs that will be stable and lack the plasticity to convert to pathogenic effector cells because of the constant threat of reemerging autoimmunity. We have determined that aTregs exhibit stable FoxP3 + expression even after introduction into diabetic mice that have elevated levels of proinflammatory cytokines, including IL-17 and IFNg, in the circulation (Godebu et al., 2008; our unpublished data) . IL-17 and IFNg are associated with Th17 and Th1 effector/ memory cells, respectively, and both cytokines may contribute to the pathogenesis of T1D. In NOD mice that are protected from diabetes by the administration of aTregs, no acquisition of either IFNg or IL-17 production by aTregs is observed, suggesting that the conversion to pathogenic effectors does not occur (our unpublished data). To test the stability of aTregs in vivo, we introduced them into prediabetic NOD mice or NOD.Scid mice that are devoid of lymphocytes and therefore lack autoimmunity. Under both conditions, aTregs proliferated to a similar extent as naïve T cells. Importantly, aTregs that had undergone division maintained FoxP3 expression and the ability to produce IL-10 as well as TGF-b, and they did not induce or accelerate diabetes (Li et al., 2011) . A possible mechanism that could explain the stability is that conditions for aTreg differentiation in vitro result in the downregulation of proinflammatory cytokine receptors, which could otherwise drive the re-differentiation of aTregs into pathogenic effector cells. For instance, TGF-b is required for the differentiation of both Tregs and Th17 cells but the latter cells also require signaling through IL-6. Thus, in the presence of IL-6, conversion of Tregs to Th17 cells is possible. However, it has been demonstrated that under defined in vitro polarizing conditions, TGF-b-induced aTregs downregulate their IL-6R expression. Therefore, the Th17-conversion is blocked in these cells . Taken together, these findings indicate that even by stringent criteria, stability of aTregs is maintained, which is crucial for their therapeutic potential.
The development and regulation of memory in aTregs
Of all the facets of Treg regulation that have been studied, the potential for the development of immunological memory has received very little attention. Clearly, the concept that Tregs could function in the long-term control of autoimmunity in T1D just as memory T cells can occur in the prevention of repeated infections is not just appealing, but a critical element for ultimately achieving a cure. Thus, a fundamental aspect of aTregs with respect to their use in T1D is whether their regulation will permit more than transient control of autoimmunity, which is most likely to be a concern with nTregs, whose regulation by IL-2 will ultimately sabotage their long-term function in vivo.
Our studies show that one round of in vitro stimulation with anti-CD3, IL-2, and TGF-b is sufficient to elicit stable FoxP3 + aTregs that can persist indefinitely as memory cells in vivo (Godebu et al., 2008) , whereas other studies indicate that repeated stimulation drives their terminal differentiation . As we and others have shown, return of effector cell populations to rest by withdrawal of stimulation is sufficient to drive the development of a memory phenotype (Hu et al., 2001; Harbertson et al., 2002; McKinstry et al., 2007) . This is in part due to the transition from anabolic metabolism in the activated effector state to catabolic metabolism with a return to rest. Thus, we hypothesize that aTregs rapidly become memory cells after adoptive transfer because of the loss of strong TCR signals and polarizing cytokines.
We demonstrated that monoclonal islet antigen-specific aTregs control and reverse diabetes, are stably maintained at low but detectable levels, and can be greatly re-expanded after challenge with a mimotope peptide (Weber et al., 2006) . In an elegant adoptive transfer system using two TCR transgenics specific for different islet antigens, Haskins' group showed that antigen recognition is necessary for aTreg function (Tonkin et al., 2008) . Thus, exposure to self-antigen(s) could maintain the functionality of aTregs as occurs with CD4 + memory T cells in general. Importantly, we find that aTregs recovered from primary adoptive recipients transfer protection against diabetes to secondary prediabetic recipients (Godebu et al., 2008) . Our studies further demonstrate that aTregs that reverse and thereafter control diabetes can be generated in vitro from polyclonal naïve CD4 + T cells, although larger numbers are required than for islet antigen-specific aTregs to treat T1D. Polyclonal aTregs exhibit greater persistence than monoclonal aTregs over time after adoptive transfer into prediabetic NOD recipients (Godebu et al., 2008) . Furthermore, we observe a narrowing of the TCR repertoire to an oligoclonal population that is dominated by the TCR Vb11 chain, implying in vivo selection by antigen. From our studies, restimulation of polyclonal aTregs by islet antigens in vitro elicits expansion and the appropriate cytokine response (i.e. IL-10 and TGF-b secretion). Thus, as memory cells, polyclonal aTregs will more than likely continue to be selected and may be amplified by antigens as a consequence of homeostatic regulation. This could serve to 'instruct' persisting aTregs to become better and more effective memory cells, which would be highly advantageous for long-term control of T1D (Figure 2) . The results thus suggest that, as a therapeutic treatment for T1D, there may not be a need to generate antigen-specific aTregs. Despite these indications that aTregs are an important population to consider for clinical translation, a concern that remains to be carefully addressed is the effects of infections on the persistence and function of aTregs, particularly with viruses such as Coxsackievirus that infect the pancreas, release islet antigens, and accelerate diabetes (Horwitz et al., 1998) .
Since the dysregulation of nTreg homeostasis represents an unalterable characteristic of T1D, in order to achieve long-term protection, memory aTregs require utilization of homeostatic mechanisms that are distinct from those that control nTregs. In our studies, we demonstrated that, immediately after differentiation in vitro, aTregs express high levels of CD25 (IL-2Ra) as nTregs, consistent with many other reports (Zheng et al., 2002; Chen et al., 2003; Tarbell et al., 2004) . However, after withdrawal of TCR stimulation and a period of in vitro culture or in vivo incubation in host animals, these cells modulate their expression of g c cytokine receptors with downregulation of CD25 and upregulation of CD127 (IL-7Ra). Moreover, they express low levels of CD62L and high levels of CD44. Thus, in vitro-differentiated aTregs acquire a typical effector memory phenotype (Harbertson et al., 2002) . This phenotype is maintained in vivo in NOD recipient mice indefinitely (up to 2 years), suggesting that aTregs persist in the hosts as effector memory cells (Godebu et al., 2008; Li et al., 2011) . The CD25 -CD127 + phenotype is reciprocal to that of nTregs, which are CD25 + CD127 -. This suggests that aTregs may use IL-7 rather than IL-2 for homeostatic regulation. Indeed, in an adoptive transfer model, we confirmed this prediction (Li et al., 2011) . The IL-7 dependency of aTregs mirrors that of other CD4 + memory T cell subsets (Kondrack et al., 2003) , suggesting that memory aTregs use mechanisms of homeostatic regulation that are similar to conventional memory T cells.
In addition to IL-7, we find that TGF-b may play an important role in maintaining memory aTregs in the pancreas. Our studies and those of others indicate that aTregs can control the autoimmune response within the microenvironment of the islets themselves (Tonkin and Haskins, 2009; Li et al., 2011) . It is thought that isletspecific T cells persist in the context of the islets primarily because of the local availability of antigens (Lennon et al., 2009) , which could be important for their local maintenance and survival. However, our studies show that TGF-b can also play a role in the ability of aTregs to control the autoimmune response either directly or indirectly by contributing to their expansion and/or survival. Although it is unclear whether TGF-b can be used in an autocrine or paracrine manner by aTregs, anti-TGF-b treatment abolished their capacity for protection against pathogenic cells from diabetic mice after adoptive transfer (Li et al., 2011) . Although IL-10 has been reported to regulate FoxP3 expression in aTregs in the gut mucosal tissues (Murai et al., 2009 ), we did not find a role for this cytokine in aTreg homeostasis in T1D (Li et al., 2011) .
One effect of TGF-b on T cells is to induce expression of b7 integrin (Lim et al., 1998) , which can pair with either a4 or aE (CD103) integrin. It is therefore noteworthy that aTregs express both integrin a chains in addition to b7. The mucosal addressin cell adhesion molecule, MAdCAM-1, which is the ligand for a4b7, is highly upregulated on vascular endothelial cells in inflamed islets in NOD mice (Hanninen et al., 1993; Yang et al., 1994 Yang et al., , 1997 . Importantly, we find that a4b7 is required to mediate the localization of aTregs in the islets (Weber et al., 2006; Li et al., 2011) . Furthermore, in the absence of b7 expression, aTregs are no longer protective (Li et al., 2011) , demonstrating the need for their localization in the target organ for function. It has been previously shown that a4b7 is highly expressed on islet-infiltrating lymphocytes in NOD mice, suggesting that the mechanisms underlying aTreg migration are shared with those of pathogenic effector cells. This is consistent with the recent concept that similarities between Tregs and effector T cells are important for effective regulation. For example, the expression of the Th2 associated transcription factor IRF4 by Tregs is necessary for their control of Th2 responses (Zheng et al., 2009) . The sharing of adhesion/migration mechanisms by aTregs and effector cells would facilitate their localization in the same microenvironments. Furthermore, integrin aEb7 could play an important role in retaining aTregs in pancreatic islets, which express the ligand E-cadherin (Kilshaw and Higgins, 2002) .
Taken together, current data indicate that aTregs can persist as memory cells and reverse and/or protect against diabetes through IL-2-independent homeostatic regulation, which can be exploited in developing cell-based treatments to restore selftolerance in T1D.
Translating aTregs into cell-based therapy for T1D
There are many differences between human and mouse T cells that need to be addressed in order to develop aTregs for treatment of T1D or other inflammatory diseases. For instance, in mouse CD4 + T cells FoxP3 expression is exclusively Treg-specific, whereas in human CD4 + T cells, FOXP3 can be transiently expressed during activation and does not necessarily confer suppressor function . In addition, although numerous studies have demonstrated stable regulatory functions of IL-2-and TGF-b-induced mouse aTregs, it has been reported that although this combination of cytokines induced stable FOXP3-expressing human CD4 + T cells, they lacked regulatory function (Tran et al., 2007) . This result raised concerns that FOXP3 expression may not be sufficient to confer aTreg function in human cells, and/or that the IL-2 plus TGF-b condition may not be sufficient to elicit aTreg differentiation (Shevach et al., 2008) . However, other studies showed that IL-2 and TGF-b supported the differentiation of stable, functional Tregs from human CD4 + CD25 -T cells . These contrasting results are likely due to different experimental conditions, starting cell populations, or even reagents. Indeed, many different culture conditions have been reported to elicit regulatory functions from human CD4 + CD25 -T cells. For instance, studies have shown that, even without the addition of TGF-b, TCR stimulation in the presence of IL-2 was able to generate functional human Tregs (Walker et al., 2003 (Walker et al., , 2005 . Under these conditions, TGF-b from serum and/or from activated T cells may have been sufficient to support the differentiation, and extended periods Figure 2 Generation and maintenance of memory aTregs. One round of in vitro stimulation is sufficient to elicit stable aTregs from polyclonal naïve CD4 + T cells that persist indefinitely as memory cells in vivo. High doses of immobilized anti-CD3 in combination with IL-2 and TGF-b allow for both the optimal induction of FoxP3 and expansion of aTregs in vitro. Following adoptive transfer, these cells express IL-10 and TGF-b and are able to control b-cell destruction and restore normoglycemia. Unlike nTregs, aTregs are long-lived memory cells due to IL-7-dependent homeostatic proliferation. During their maintenance, these cells undergo in vivo selection by antigen(s), which narrows the TCR repertoire to an oligoclonal population that is still very capable of controlling autoreactivity. Thus, aTregs are ideally equipped to safeguard b-cell survival and protect from T1D due to their ease of generation, stability, and longevity. of culture could have contributed to the stable differentiation (Ziegler, 2007) .
In addition to TGF-b, other factors or pharmacological agents have been reported to be able to differentiate, stabilize, and expand human Tregs. For instance, the vitamin A metabolite ATRA has been shown to promote Treg differentiation in mouse models (Mucida et al., 2007) . Recently, ATRA was demonstrated to promote and stabilize functional human aTregs that were able to protect against xenogeneic graft-versus-host disease (GvHD) (Lu et al., 2010; Zhou et al., 2010) . Another example is rapamycin. By inhibiting the activation of the mTOR, rapamycin can suppress effector cell activation/proliferation while allowing Treg differentiation and/or expansion (Powell and Delgoffe, 2010) . In combination with IL-2 or TGF-b, rapamycin was able to induce and expand regulatory T cells from naïve human CD4 + T cells (Long and Buckner, 2008; Hippen et al., 2011a; Qian et al., 2011) . Furthermore, these aTregs protected recipient animals from xenogeneic GvHD (Hippen et al., 2011a; Qian et al., 2011) . Rapamycin was also shown to expand Tregs from T1D patients (Battaglia et al., 2006) . A third example is the extracellular matrix component hyaluronic acid (HA), which is a ligand for CD44. By binding to CD44, high molecular weight (MW), but not low MW, HA can promote the suppressive function and stability of human aTregs (Bollyky et al., 2007 (Bollyky et al., , 2009 . It is possible that more agents may be identified that can facilitate the in vitro differentiation, stabilization, and expansion of human aTregs that can be used to restore self-tolerance in vivo. Therefore, future studies are needed to optimize and standardize conditions and protocol(s) for therapeutic purposes.
Concluding remarks
As with other autoimmune and allergic diseases, there is a need for strategies to treat T1D that restore tolerance. Although the detailed mechanisms remain under investigation, difficulties with nTregs have emerged that currently preempt their use in a therapeutic setting. Our recent studies, in addition to those of others, suggest that in vitro-differentiated aTregs may prove to be a better, more readily translatable alternative to nTregs for T1D treatment because of their development of protective memory and unique homeostatic regulation. Of substantial relevance is that aTregs can be generated by stimulating naïve (CD45RA + )CD4 + T cells isolated from human blood samples, even from T1D patients, and with islet autoantigens Lu et al., 2010; Dromey et al., 2011) . These findings support the concept that aTregs have significant potential for use as a treatment for T1D as well as other autoimmune conditions (Hippen et al., 2011b) . However, it is critical to determine if the administration of aTregs could induce generalized immune suppression that may make recipients more susceptible to infections or cancer. It is also important to determine if by controlling autoimmunity, aTreg treatment can lead to restoration of measurable b-cell function, ultimately reducing or even eliminating insulin dependence.
